Ligand recognition of the NK1 receptor (substance P receptor) by peptide agonist and non-peptide antagonist has been investigated and compared by the use of fluorescent ligands and spectrofluorometric methods. Analogues of substance P (SP) labeled with the environment-sensitive fluorescent group 5-dimethylaminonaphthalene-1-sulfonyl (dansyl) at either position 3, 8, or 11 or with fluorescein at the N ␣ position were synthesized and characterized. Peptides modified at the ␣-amino group or at positions 3 or 11 conserved a relatively good affinity for NK1 and agonistic properties. Modification at position 8 resulted in an 18,000-fold decrease in affinity. A fluorescent dansyl analogue of the non-peptide antagonist CP96,345 was prepared and characterized. The quantum yield of fluorescence for dansyl-CP96,345 was much higher than for any of the dansyllabeled peptides indicating that the micro-environment of the binding site is more hydrophobic for the nonpeptide antagonist than for the peptide agonists. Comparison of collisional quenching of fluorescence by the water-soluble hydroxy-Tempo compound showed that dansyl-CP96,345 is buried and virtually inaccessible to aqueous quenchers, whereas dansyl-or fluoresceinyllabeled peptides were exposed to the solvent. Anisotropy of all fluorescent ligands increased upon binding to NK1 indicating a restricted motional freedom. However, this increase in anisotropy was more pronounced for the dansyl attached to the non-peptide antagonist CP96,345 than for the fluorescent probes attached to different positions of SP. In conclusion, our data indicate that the environment surrounding non-peptide antagonist and peptide agonists are vastly different when bound to the NK1 receptor. These results support recent observations by mutagenesis and cross-linking work suggesting that peptide agonists have their major interaction points in the N-terminal extension and the loops forming the extracellular face of the NK1 receptor. Our data also suggest that neither the C terminus nor the N terminus of SP appears to penetrate deeply below the extracellular surface in the transmembrane domain of the receptor.
Many peptide hormones and neuropeptides act via known receptors belonging to the superfamily of G protein-coupled receptors characterized by a seven membrane-spanning topology. There is considerable interest in understanding ligandreceptor recognition and the mechanisms of action of both non-peptide ligands and natural peptides for peptide receptors. The tachykinin substance P (SP) 1 is a peptide transmitter that plays an important role in pain perception and neurogenic inflammation (1, 2) . The cellular actions of SP are mediated by the tachykinin (neurokinin) NK1 receptor, a G protein-coupled receptor. Therefore, the NK1 receptor has been the target for the development of multiple non-peptide antagonists. The prototype NK1 non-peptide antagonist is the quinuclidine compound CP96,345, which acts as a high affinity and highly selective non-peptide inhibitor of SP in both binding and functional assays (3, 4) .
Traditionally, the identification of binding domains for peptide agonists and non-peptide antagonists has been investigated by site-directed mutagenesis of receptors and by the construction of chimeric receptors (5) . In the case of NK1, studies by different groups have localized a binding pocket for the antagonist CP96,345 in the outer portion of the transmembrane domain of the receptor with presumed contacts points clustering on transmembrane domains TM-III, -IV, -V, VI, and VII and facing the interior of the seven-helix bundle ( Fig. 1 ) (6 -13) . In contrast, the binding site for substance P appears to involve multiple domains on the extracellular side of NK1 including the N-terminal segment, the first extracellular loop, and the top of TM-III and -VII ( Fig. 1) (10 -12) . One still open and debated question is whether substance P makes additional contacts within the transmembrane domains. So far mutational analysis of this region has failed to give any clear answer to this (12, 13) . The main problem with mutational mapping experiments is that they do not necessarily reveal direct contact points between amino acids on the receptor and ligand functional group. Loss of binding affinity can be due to either a true contact residue or to indirect allosteric effect on the receptor folding. Covalent labeling of NK1 with photolabile SP analogues has identified agonist peptide-binding domains of NK1 in 1 The abbreviations used are: SP, substance P; NK1, neurokinin-1 receptor; NK2, neurokinin-2 receptor; dansyl, 5-dimethylaminonaphthalene-1-sulfonyl; Dns, dansyl; Flu, fluoresceinyl; Dap, 2,3-diaminopropionic acid; MS, mass spectrometry; Hcy, homocysteine; CHO, Chinese hamster ovary; PTH, phenylthiohydantoin; Tempo, 2,2,6,6-tetramethylpiperidine-1-oxyl; hydroxy-Tempo, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl; PBS, phosphate-buffered saline; SV, Stern-Volmer; TM, transmembrane domain; Fmoc, N- (9- the N-terminal region and the second extracellular loop using ligands labeled at either position 3 or 8 of the peptide (14, 15, 35) .
It is therefore very important to complement the mutational approach with biochemical and spectroscopic techniques. Recently, we developed novel fluorescence methodology to investigate ligand-receptor recognition and to map subdomains of binding sites with fluorescent ligands. In the NK2 receptor system, we demonstrated that agonist and antagonist peptides of similar molecular size have distinct binding sites (16) , and we built a molecular model for ligand-receptor interactions using experimental determination of distances by fluorescence energy transfer between a fluorophore on the ligand and another fluorophore placed at specific sites in the receptor through biosynthetic incorporation by suppression of nonsense codons (17) .
Here we have used site-specific fluorescent-labeled analogues of substance P at positions 1, 3, and 11 and a fluorescent CP96,345 analogue to probe the polarity and solvent accessibility of NK1 binding pockets and to measure the motional freedom of receptor-bound ligands. In this study we present spectrofluorometric evidence for the existence of different ligand binding pockets on the NK1 receptor for substance P and the antagonist CP96,345, respectively.
EXPERIMENTAL PROCEDURES

Synthesis of Fluorescent Ligands
34 mg of SP (1.73 mol) in 360 l of 50 mM sodium borate, pH 9.0, at 4°C was added 42 l of 50 mM dansyl chloride in acetone (2.07 mol). The mixture was stirred for 2 h at 4°C. The mono-dansylated SP derivative was recovered as the major peak by reverse-phase high performance liquid chromatography (Nucleosil 300 -7 C8 column Machery-Nagel ET 250/8/4; gradient 0 -75% of 0.01% trifluoroacetic acid in acetonitrile, in 0.01% trifluoroacetic acid in water over 60 min). Compounds were detected by absorbance at 214 and 350 nm. Fractions containing pure material were pooled and lyophilized. Electrospray MS: calculated, 1580.9; found, 1581.2. N-terminal Edman degradation and analysis of PTH derivatives were as follows: at cycle 1, Arg-PTH was recovered for both SP and Dns-Lys 3 -SP, whereas at cycle 3, Lys-PTH was recovered for SP only. 21 , and 60 ml of methanol. The solution was stirred 40 min at room temperature, and the resulting precipitate was collected by filtration and dried. It was then taken up in 46 ml of dry tetrahydrofuran, 28 ml (56 mmol) of a 2.0 M solution of borane methyl sulfide in tetrahydrofuran added, and the reaction refluxed for 4 days. The reaction was cooled, evaporated, and taken up in 50 ml of ethanol, treated with 5 g of sodium carbonate and 4 g of cesium fluoride. The resulting mixture was refluxed 3 days, cooled, and taken up in methylene chloride and water. The organic layer was separated, dried over sodium sulfate, and evaporated. The residue was chromatographed on silica gel using methanol/methylene chloride as eluant and then triturated with isopropyl ether to afford 2.098 g (42% overall) of a white solid, m.p. 185-189°C, after evaporation from methylene chloride. 1 
Cell Culture
Fluorescence experiments were performed with either CHO cells stably transfected with the human NK1 receptor and expressing about 120,000 receptors per cell or CHO cells transiently expressing about 150,000 NK1 receptors per cell and obtained using the Semliki forest virus system as described (22) . All cells were cultured as monolayers in a humidified 5% CO 2 atmosphere at 37°C, in Dulbecco's modified Eagle's medium/Ham's F12 medium supplemented with 10% fetal calf serum, 2% (w/v) Pen-Strep, and 0.5% (w/v) Nystatin. Cells were harvested at 80% confluence with PBS containing 1 mM EDTA and washed with ice-cold PBS. Membrane fractions were prepared as described previously (23) .
For radioligand binding assays, the expression plasmids containing the receptor cDNAs were transiently transfected into COS-7 cells by the calcium phosphate precipitation methods as described previously (24) .
Competition Binding Experiments
Mono-iodinated 125 I-Bolton-Hunter-labeled substance P ( 125 I-BH-SP) was prepared and purified as described (24) . The transfected COS-7 cells were transferred to 12-well culture plates, 0.1-0.6 ϫ 10 5 cells/well, 1 day after transfection and 24 h before performing the binding experiments. The number of cells per well was adjusted according to the expression efficiency of the individual plasmid aiming at 5-10% binding of the added radioligand in the competition binding experiments. Binding experiments were performed for 3 h at 4°C with 50 pM 125 I-BH-SP plus variable amounts of unlabeled peptide or non-peptide compound in 0.5 ml of a 50 mM Tris-HCl, pH 7.4, containing 150 mM NaCl, 5 mM MnCl 2 , and 0.1% (w/v) bovine serum albumin (Sigma) supplemented with 100 g/ml bacitracin (Sigma). All determinations were performed in triplicate, and the nonspecific binding was determined as the binding in the presence of 1 M SP. The specific binding constituted more than 80% total binding. The binding data were analyzed and IC 50 values determined by computerized nonlinear regression analysis using InPlot (GraphPad Software, San Diego, CA).
Spectroscopy
UV-visible absorbance spectroscopy measurements were made using a Hewlett-Packard 8452A diode array spectrophotometer at ambient temperature. Steady-state fluorescence measurements were recorded using a Jasco FP-777 spectrofluorimeter with 0.2 ϫ 1.0 cm and 0.5 ϫ 1.0 cm quartz cuvettes with 0.2-and 0.5-ml sample volume, respectively. Unless stated otherwise, fluorescence measurements were made on cell membrane preparations at 20°C. Solvents and buffers were degassed by bubbling nitrogen to prevent quenching of fluorescence by solubilized oxygen. The fluorescence emission signals were stable to photobleaching under measuring conditions. For dansyl-labeled ligands, the excitation wavelength was 343 nm, and the emission was recorded from 400 to 600 nm or at 530 nm in collisional quenching and anisotropy experiments. For fluorescein-labeled SP, excitation was at 475 nm and emission from 500 to 600 nm. For collisional quenching and anisotropy measurements, the emission was set at 520 nm. The excitation and emission bandwidth were 5 and 10 nm, respectively.
Fluorescence Experiments
Membrane suspensions from NK1/CHO cells were suspended in PBS, pH 7.2, containing MgCl 2 (3 mM), bovine serum albumin (0.2 mg/ml), at a concentration of 5 nM 3 H-SP binding sites and incubated with 50 nM fluorescent ligand in the presence (nonspecific binding) or absence (total binding) of 50 M nonfluorescent ligand at 20°C for 1 h. As an additional control, membranes were also incubated in the absence of fluorescent ligand. Membranes were then washed twice with ice-cold PBS, pH 7.2, resuspended in ice-cold PBS, and homogenized by sonication in an ice-cold bath for 3 min immediately prior fluorometry measurements. During fluorescence recordings, membranes were kept in suspension by continuous stirring. Fluorescence was corrected for light scattering and background fluorescence from control samples. For dansyl compounds excited at 343 nm, the scattering caused by irradiation of membranes particles was not important in the 520 -540-nm emission region. For the fluorescein ligand N ␣ -Flu-SP, the effect of scattering was low in comparison to the high quantum yield of this fluorophore.
Collisional Quenching Experiments
Fluorescence collisional quenching experiments were performed at 20°C by adding increasing amounts of quencher stock solution in water to suspended NK1/CHO cell membranes. Typically, a complete quenching experiment was performed in 6 -8 min. Under these conditions, the contribution of fluorescence signal from dissociated ligand was negligible. The quencher stock solutions were either 0.153 M KI containing 1 mM Na 2 S 2 O 3 to prevent I 3 Ϫ formation or 0.1 M Tempo or 0.1 M hydroxyTempo. Changes in fluorescence due to the addition of quencher were corrected by subtracting the fluorescence measured in parallel samples in which quencher was added to membranes in PBS or membranes saturated with an excess (1000-fold) of non-fluorescent CP99,994 (36) . Moreover, in quenching experiments with the nitroxide radical compounds Tempo and hydroxy-Tempo, the fluorescence intensities were corrected for the absorption increments caused by added quenchers at the excitation and emission wavelengths (inner filter effect) as described (25) . The quenching of the fluorescence emission at the wavelength of maximum emission was calculated with the Stern-Volmer equation (26) : Fluorescence Anisotropy Measurements-Steady-state anisotropy measurements were recorded using a Jasco FP-777 spectrofluorometer equipped with a model ADP-301 fluorescence polarization accessory. The polarizer and analyzer were placed in the thermostatic sample chamber. The emission intensity was measured by setting the excitation-side polarizer in the vertical position (V) and the emission-side polarizer either in the horizontal (H) or vertical position. The emission intensities, in respective V and H positions, were corrected by subtracting the corresponding background signals from the cells or membrane suspensions and converted to anisotropy (A), see Equation 1:
where I V /I H is the ratio of the vertical and horizontal emission intensities when the excitation polarizer is in the vertical position, and G is the same ratio when the excitation light is horizontally polarized. Binding of fluorescent ligands to NK1 in CHO cell membranes was made as described above. The limiting anisotropy A 0 in the absence of rotation was calculated with the Perrin equation (Equation 2) for the case of a spherical molecule (26) :
where is the fluorescence lifetime of the dansyl or fluorescein chromophore attached to the ligand, k is Boltzmann's constant, T is the temperature, V h is the partial molecular volume of a hydrated sphere, and is the viscosity. Perrin plots were constructed by measuring anisotropy of free ligands, 0.1 to 10 M in PBS solution, or bound to membranes from NK1/CHO cells, as a function of either temperature or viscosity. Anisotropy on free, unbound ligand was also measured in the presence of membranes and 1000-fold excess nonfluorescent ligand. The experiments started at 2°C and several points were measured by increasing the temperature up to 37°C over a period of 25-30 min. In control experiments, identical values were obtained when separate samples were measured at corresponding temperatures after 4 -5 min only, indicating that the measured anisotropy accounted for NK1 bound rather than dissociated ligand. Alternatively, the viscosity was varied by addition of increasing amounts of glycerol (0 -80% w/v) at constant temperature (20°C). The viscosity at each temperature was determined from standard tables (40) . Anisotropy measurements were made using different membrane concentrations (39) .
RESULTS
Design and Synthesis of Fluorescent
Ligands-A series of undecapeptides derived from substance P and labeled with either dansyl (Dns) or fluoresceinyl (Flu) fluorophores at different positions in the sequence were prepared (Fig. 2) . The control of selectivity for the N-terminal amino group or the ⑀-amino group in the lysyl side chain during chemical modification of peptides can be controlled by the pH of the reaction and the nature of the electrophilic reagent. Thus, substance P was derivatized with an equimolar amount of dansyl chloride at pH 9.0 to afford the mono-labeled compound Dns-Lys 3 -SP. Reaction of SP with an equimolar quantity of fluorescein isothiocyanate gave the N-terminally labeled N ␣ -Flu-SP. The respective positions of the dansyl and fluoresceinyl groups was confirmed by Edman sequencing and amino acid analysis.
The fluorescent peptide Dns-Dap 8 -SP, in which Phe 8 of SP is replaced by ␤-dansyldiaminopropionic acid, was prepared by solid phase peptide synthesis. After the third coupling cycle with Dap, the ␤-amino group of Dap was selectively deprotected and derivatized with dansyl chloride. Coupling of the remaining seven amino acids was then resumed. The S-dansyl homocysteine derivative Dns-Hcy 11 -SP in which Met 11 of SP is replaced by S-(2-dansylamino)ethyl homocysteine was prepared as reported before (19) .
The quinuclidine derivative Dns-CP96,345, a dansyl-labeled analogue of the well known NK1 antagonist CP96,345 (3), was prepared as shown in Fig. 3 .
Fluorescence Properties of Ligands-The excitation and emission maxima of dansyl-and fluorescein-labeled ligands are shown in Table I . The quantum yield of dansyl fluorescence was sensitive to the hydrophobicity of the medium with a higher quantum yield in low polarity solvents (Fig. 4) . For Dns-Hcy 11 -SP, the 7-fold increase in quantum yield by going from aqueous buffer to 50% (v/v) dioxane in PBS was accompanied by a blue-shift of the emission maxima from 550 to 536 nm. Similar effects were observed for the other dansyl-labeled compounds.
Pharmacological I-BH-SP using COS-7 cells (Fig. 5) . The results are summarized in Tables II and III (Table II) , and 2) evoke Ca 2ϩ -dependent chloride currents in Xenopus oocytes expressing NK1 (data not shown).
Pharmacological Characterization of the Fluorescent Nonpeptide Dns-CP96,345-Dns-CP96,345 had a high, nanomolar affinity for NK1 with only an 8-fold decrease compared with the parent compound CP96,345 (Fig. 5) . To compare the mode of binding of Dns-CP96,345 to that of CP96,345, binding constants were determined in a series of NK1 point mutants (Table III). These mutations included sites that were known to be important for CP96,345 binding. For most of the mutants tested, the change in affinity compared with wild-type receptor (f mut ) was similar for CP96,345 and Dns-CP96,345. However, for mutant F264A near the top of TM-VI, the binding affinity for Dns-CP96,345 increased 2-fold. In contrast, the affinity of the parent CP96,345 decreased 17-fold in this mutant (Table  III) . A similar but less pronounced effect was observed for mutants F267A and F268A. There was only one mutant, F264Y, for which Dns-CP96,345 lost significantly more affinity than did CP96,345. Taken together, these data indicate that CP96,345 and its fluorescent analogue Dns-CP96,345 appear to have the same binding determinants on the NK1 receptor. The data also suggest that the dansyl group of Dns-CP96,345 could be located in the vicinity of residue Phe 264 and, possibly, residues Phe 267 and Phe 268 . , a value comparable to the previously reported value of 20 M Ϫ1 for fluorescein-labeled compounds (29) .
Interactions of Fluorescent Ligands with the NK1 Receptor-
The specific fluorescence of Dns-CP96,345 bound to NK1 was not quenched by either water-soluble hydroxy-Tempo or lipidsoluble Tempo (Fig. 7) . However, nonspecifically bound Dns-CP96,345 was quenched by collision with Tempo in the mem- brane (Table IV) . From this we conclude that the antagonist Dns-CP96,345 bound to NK1 is buried in a hydrophobic pocket that is inaccessible to the solvent and not in direct contact with the membrane lipids, most likely in the middle of the bundle formed by the seven membrane-spanning domains of the NK1 receptor. Fig. 8 
TABLE IV Stern-Volmer constants of quenching of fluorescent NK1 ligands by Tempo and hydroxy-Tempo (n ϭ 3)
Dns-CP96,345 Tempo 28 Ϯ 2 2 5 Ϯ 2 0.6 Ϯ 2 Dns-CP96,345
Hydroxy-tempo 28 (Table V) . A 0 values for each ligand free in solution or bound to NK1 were similar. The binding of ligands to NK1 receptors considerably increased the dansyl or fluoresceinyl anisotropies compared with those of the ligands in solution (Table V and Fig. 9 ). For Dns-CP96,345, the slope of the Perrin plot for the total bound was lower than the slope for the nonspecifically bound, indicating indirectly that the motional freedom of the dansyl group in the ligand bound specifically to NK1 was more restricted than that of the ligand bound nonspecifically to membranes.
DISCUSSION
In this paper, we have utilized a fluorescent group in ligands to compare the binding sites of SP and the non-peptide antagonist CP96,345 in the NK1 receptor. We and others (16, 30, 37, 38) had shown that fluorescent ligands may serve as probes to investigate ligand-receptor interactions and to obtain insight into the microenvironment of binding sites. Introducing fluorescent group in ligands while maintaining high binding affinity is a prerequisite to this approach. This is generally easier to achieve for medium to large size peptides than for small molecular weight non-peptide ligands. SP was labeled at four different sites with the fluorophore dansyl to probe all regions of the peptide, both the N and C terminus and two internal positions at residue numbers 3 and 8. Modification at position 8 with the bulky dansyl group decreased drastically NK1 affinity and was not used further. It is worth noting, however, that other SP derivatives in which Phe at position 8 was replaced by larger aromatic side chains are still binding to the NK1 receptor with high affinity (14, 15) . Dansyl-labeled SP analogues at positions 1, 3, and 11 conserved reasonable afffinity for SP. Dansyl was introduced into CP96,345 at a position known to tolerate different functional groups; see, for example, the use of an azide function at this position as a potent photoaffinity labeled version of CP96,345 (31) . Functionally, the fluorescently labeled SP analogues maintained agonist activity, and Dns-CP96,345 was still capable of antagonizing SP at the NK1 receptor.
The putative binding site for CP96,345 has been mapped through an extensive mutational analysis of the transmembrane regions and extracellular loops of the NK1 receptor (for a review, see Ref. 32) . The results from several groups suggest that CP96,345 fits into a cavity delineated by TM-III, -IV, -V, -VI, and -VII and make specific contacts by polar interactions with receptor residues as shown in Fig. 1 . The mutational binding analysis of the present study shows that Dns- (Table II) were determined from the equation (26):
where F o /F is the ratio of fluorescence intensities in the absence and presence of quencher at a given concentration [Q] . A representative plot of three independent experiments is shown. q, free in solution; E, specific bound. CP96,345, despite the presence of the bulky dansyl group in the molecule, has a binding profile similar to that of its parent compound CP96,345, as determined by the ability to displace 125 I-BH-SP binding to NK1. The only significant differences were found at positions 264, 267, and 268 which all have Phe in wild-type NK1. These positions are located on the face of TM-VI which is presumed to be turned inward and toward TM-VII (Fig. 10) . Single mutations to alanine at each of these three sites affected CP96,345 more than Dns-CP96,345. Conceivably, removal of bulky phenyl side chain disturbs the shape complementarity between the non-peptide ligand and the binding cavity. A possible explanation for why this effect was less pronounced for Dns-CP96,345 could be that the dansyl group could occupy the empty space created by the Phe to Ala mutation. In contrast, adding bulk in the cavity by introduction of an hydroxyl group in the F264Y mutation decreases Dns-CP96,345 affinity more than that of CP96,345, presumably by creating an unfavorable interaction between the tyrosyl chain and the dansyl group. Overall we conclude that Dns-CP96,345 binds to NK1 in the same mode as CP96,345 thus validating its use as a reporter for the binding site. Fluorescent reporter groups on ligands may provide important information on the binding pocket in the receptor. First, the polarity of the binding pocket can be estimated by using environment-sensitive fluorophores. Dansyl is very sensitive to the polarity of the medium with high fluorescence in low polarity environment. Second, we can access information on the mobility of the ligand when bound to the receptor by measuring the fluorescence anisotropy. Third, we can obtain information on the accessibility of the bound ligand by using the technique of collisional quenching.
The first spectrofluorometric evidence for the existence of different binding pockets for SP and CP96,345 was given by the differences in quantum yield of fluorescence for ligands bound to NK1 (Fig. 6) . Dns-CP96345 must occupy a very hydrophobic pocket in the NK1 receptor. In sharp contrast, all labeled sites on SP were found to be located in a more hydrophilic environment. The N-terminal moiety of SP (positions 1 and 3) was in a more hydrophilic environment than the C-terminal moiety. Table III ) are shown: white on black, fold difference Ͼ10; white on dark gray, fold difference 5-10; black on light gray, fold difference Ͻ5.
that ligand motions are restricted at the receptor binding site(s) in the nanosecond time range. This immobilization was more important for Dns-CP96,345 than for the SP analogues, thus suggesting a more densely packed environment surrounding the receptor binding site for Dns-CP96,345.
Collisional quenching of fluorescence can be used to probe solvent accessibility of receptor-bound ligand (16) . Our quenching data clearly show important differences for receptor recognition between Dns-CP96,345 and the SP analogues. Dns-CP96,345 binds in a buried pocket that is shielded from the solvent and is not in contact with the membrane lipids surrounding the receptor. Therefore we conclude that Dns-CP96,345 docks inside the pore formed by the transmembrane helices, below the extracellular water-membrane interface which is in agreement with the mutational data. In contrast, both N-and C-terminal positions of SP were fully accessible to the solvent, an observation consistent with the binding of SP in the extracellular part of the NK1 receptor. This supports the identification of contact sites between photoactivable SP analogues and the extracellular domains of NK1 (14, 15, 35) . However, one important implication of our findings is that it is not necessary for SP to reach deep into the bundle of transmembrane segments to activate NK1. Interactions with the extracellular loops are sufficient to stabilize the active conformation of the receptor. In support of this hypothesis, it has been recently shown that the bradykinin B2 receptor can be activated by antibodies raised against extracellular loop peptides (33). Also, mutations in the extracellular loops of the thrombin receptor (34) can produce active receptor conformations.
In summary, our results demonstrate the existence of distinct, although possibly overlapping, binding sites for SP and the non-peptide antagonist CP96,345 in the NK1 receptor. CP96,345 binds into a hydrophobic pocket buried into the receptor and shielded from the solvent. In contrast, SP binds in the hydrophilic environment of the extracellular parts of NK1, and apparently all parts of the undecapeptide SP remain accessible to the solvent. Our data imply that receptor activation by SP does not require the peptide to make contacts deep in the transmembrane regions although we cannot totally exclude that the central portion of SP could be partly buried in the transmembrane domains. In the future, fluorescence energy transfer experiments may help define more accurately the position of the bound ligands (17) . The work presented here demonstrates the complementarity of fluorescence spectroscopy and site-directed mutagenesis in investigating ligandreceptor recognition in the absence of high resolution structural data.
